Background: Vestibular evoked myogenic potential (VEMP) testing has gained increased interest in the diagnosis of a variety of vestibular etiologies. P13/N23 latency, amplitude and threshold response curves have been used to compare pathologic groups to normal controls. Appropriate characterization of these etiologies requires normative data across the frequency spectrum and age range.
V estibular evoked myogenic potential (VEMP) testing is currently being utilized in the assessment of a variety of vestibular etiologies. The VEMP response is obtained by measuring the release of the sternocleidomastoid (SCM) muscle from a contracted state provoked by delivering auditory stimuli to the ipsilateral ear (Colebatch et al, 1994) . VEMP responses are considered to be a reflection of vestibulospinal projections to the neck, which give rise to information regarding saccule and inferior vestibular nerve integrity (Colebatch and Halmagyi, 1992; Robertson and Ireland, 1995) . The pathway of the VEMP response is projected to begin in the saccule and extend along the inferior branch of the vestibular nerve to the vestibular nuclei and project to motor neurons in the SCM muscle causing a release from the contracted state (Colebatch and Halmagyi, 1992; Colebatch et al, 1994; Robertson and Ireland, 1995; Halmagyi and Colebatch, 1995) .
This reflex pathway was originally studied in animal models, which indicated afferent vestibular hair cells in the saccule to be responsive to click and tonal auditory stimulation at high intensity levels in cats and guinea pigs (Didier and Cazals, 1989; McCue and Guinan, 1994; McCue and Guinan, 1997; Merchant, 1999) . Auditory sensitive neurons have also been located in the lateral and descending vestibular nuclei of guinea pigs (Merchant, 1999) . These afferent vestibular hair cells of the saccule have been found to have an increased firing rate in response to toneburst and click acoustic stimuli above 90 dB SPL in cats (McCue and Guinan, 1994) . Further research indicated these fibers to be most responsive to frequencies between 500 and 1000 Hz, with little to no responsiveness occurring to auditory stimuli above 3000 Hz (McCue and Guinan, 1997) .
Likewise, the VEMP response in humans has been found to be present at high presentation levels. VEMP thresholds have been reported between 120-135 dB SPL (Welgampola and Colebatch, 2001a ) and 75-105 dB nHL (Ochi and Ohashi, 2003) in response to click stimuli, 105-120 dB SPL in response to 1000 Hz toneburst stimuli (Welgampola and Colebatch, 2001a) , and 60-75 dB nHL in response to 250 Hz toneburst stimuli (Zapala and Brey, 2004) . Like the animal models, VEMP responses in humans have been found to show optimal frequency sensitivity. Optimal stimulus frequencies have been reported at 300-350 Hz (Todd et al, 2000) , 500 Hz (Rauch et al, 2004) , and 700 Hz in normal subjects (Welgampola and Colebatch, 2001a) . Because the VEMP responds optimally at specific frequencies, VEMP threshold response curves can be generated. These threshold response curves are showing promise in the identification of Meniere's disease and discrimination between the symptomatic and asymptomatic ear (Rauch et al, 2004; Lin et al, 2006) .
Normative data across all stimulus frequencies is necessary in order to correctly characterize VEMP responses in populations with vestibular disorders. Current investigations have documented age-related changes in the VEMP response (Su et al, 2001; Welgampola and Colebatch, 2001b; Ochi and Ohashi, 2003; Zapala and Brey, 2004; Basta et al, 2005; Basta et al, 2007; Lee et al, 2008) . Research indicates a decrease in VEMP amplitude and an increase in VEMP threshold with increased age; however, these studies have only evaluated VEMP responses to click and 250 and 500 Hz toneburst stimuli (Su et al, 2001; Welgampola and Colebatch, 2001b; Ochi and Ohashi, 2003; Zapala and Brey, 2004; Basta et al, 2005; Basta et al, 2007; Lee et al, 2008) . Of importance is a lack of a uniform means of SCM muscle contraction strength monitoring between these studies (Welgampola and Colebatch, 2001b; Ochi and Ohashi, 2003; Zapala and Brey, 2004) . Because the amplitude of the VEMP response is contingent upon the degree of SCM muscle contraction (Colebatch et al, 1994; Akin, et al, 2004) , investigations assessing age-related changes in VEMP responses must compare responses among populations with a uniform means of SCM muscle contraction.
The objective of the current study was to test the hypothesis that significant changes in VEMP responses occur as a function of increased age assessing both click and 250, 500, 750, and 1000 Hz toneburst stimuli, as well as to characterize the VEMP threshold response curve across age. In order to test this hypothesis, age-related VEMP threshold response curves were generated on a control population. N Group 5 included subjects age 60+ (mean 67.2) years (N 5 10).
MATERIALS AND METHODS
VEMP Response Curves and Age Effects/Janky and Shepard Normal participants were characterized by having normal hearing sensitivity and no history of balance disorders, dizziness, or neurologic involvement. In order to rule out the presence of hearing loss, all subjects completed a hearing screening at 25 dB from 250 to 8000 Hz. Evidence of age-related hearing loss was permissible for individuals 65 years or older if hearing loss was symmetrical, sensorineural in nature, and not of sudden onset. In order to rule out neurologic involvement or the presence of central and/or peripheral vestibular dysfunction, all subjects completed a short case history and bedside exam including ocular range of motion, saccade, smooth pursuit, head thrust, gaze with and without fixation, and head shake testing without fixation.
All subjects completed VEMP testing in a seated position in response to rarefaction broadband clicks (100 msec) and toneburst stimuli (250, 500, 750, and 1000 Hz) with a two-cycle rise/fall and no plateau (Blackman gated). SCM contraction was obtained by having each participant generate (via head turn) 25 mmHg of additional resistance with a blood pressure cuff pre-inflated to 20 mmHg during acoustic stimulation (Vanspauwen et al, 2006b ). The blood pressure cuff was pre-inflated around the subject's flat hand, which was then held against the face at the zygomatic arch area. The subject monitored the blood pressure meter in order to obtain constant feedback regarding the amount of pressure being applied into the cuff with a head turn. Participants were instructed to rest between trials. All stimuli were presented via insert phones at a repetition rate of 13.3/sec. The responses of 200 stimuli were recorded and averaged per trial. EMG signals were amplified and band-pass filtered from 20 to 1500 Hz by a Biologic Auditory Evoked Potentials unit. The active electrode (noninverting) was placed on the ipsilateral SCM muscle belly with a ground electrode on the forehead and a reference electrode (inverting) on the manubrium of the sternum. The order of stimuli presentation and selection of right or left SCM muscle was randomized.
Two control trial conditions were completed during VEMP testing to ensure that the VEMP response was contingent on SCM muscle contraction and auditory stimulus presentation. First, VEMP responses were recorded while subjects contracted the SCM via the above mentioned method with no auditory stimulus present. Secondly, VEMP responses were recorded while subjects looked straight ahead with no SCM muscle contraction while an auditory stimulus was presented.
VEMP threshold, amplitude, and P13 and N23 latency were recorded for each stimuli as well as the amplitude and P13 and N23 latency in response to maximum auditory stimulation (123 dB peak SPL) to 500 Hz toneburst stimuli. VEMP threshold was defined as the lowest level at which both the P13 and N23 were clearly definable and replicable. Amplitude and P13 and N23 latency were calculated on the average of two replicable trials at threshold and in response to 123 dB SPL to 500 Hz toneburst stimuli. The maximum level tested for each toneburst frequency was 123 dB SPL and for click stimuli was 119 dB SPL. When a clearly definable and replicable VEMP response was not obtained at this level, VEMP responses were considered absent.
RESULTS

R
esponse rates varied according to stimulus type and age. As shown in Table 1 , the highest response rates occurred in the younger groups (Groups 1-4; 20 to 59 years) in response to 500, 750, and 1000 Hz toneburst stimuli. In terms of stimulus type, poorer response rates were noted in response to click and 250 Hz toneburst stimuli. VEMP responses were present bilaterally in only 15.6% (7 of 45) of participants in response to click stimuli and in 65.9% (29 of 44) of participants in response to 250 Hz toneburst stimuli, whereas VEMP responses were present bilaterally in 94% (43 of 46), 94% (43 of 46), and 89% (41 of 46) of participants in response to 500, 750, and 1000 Hz tone burst stimuli respectively. For both click and 250 Hz tone burst stimuli, absent responses predominately occurred in Groups 4 (50-59 years) and 5 (60+ years). While these age groups accounted for 28 of 60 (46.7%) ears with absent VEMP in response to click stimuli and 14 of 21 (66.6%) ears with absent VEMP in response to 250 Hz toneburst stimuli, there was no significant difference in response rates between the age groups for any of the stimulus types.
A mixed group factorial analysis of variance (AN-OVA) was performed to examine the effects of age categories upon VEMP parameters (threshold, P13 latency, N23 latency, and amplitude) and side (right versus left). There was no main effect for age across stimuli: click and 250, 500, 750, and 1000 Hz toneburst, with the exception of a few parameters. A significant difference in VEMP threshold between age In response to 500 Hz toneburst stimuli at the maximum level (123 dB SPL), there were no statistically significant differences regarding age on any of the VEMP parameters: P13 latency, N23 latency, and amplitude. The latency and amplitude parameters in response to maximal stimulation (123 dB SPL) at 500 Hz are shown in Table 2 for each of the age categories. These parameters are shown to characterize the response at a suprathreshold level.
When examining the effects of ear differences (right versus left), there was no main effect for ear on threshold, P13 latency, N23 latency, and amplitude, for right versus left ear across stimuli: click, and 250, 500, 750, and 1000 Hz tone burst. There was also no interaction between age category and ear difference (right versus left) as they relate to threshold, P13 latency, N23 latency, and amplitude across stimuli: click, and 250, 500, 750, and 1000 Hz tone burst. Lastly, no subject displayed a VEMP response in either of the control conditions.
Because no statistically significant difference between the right and left ears was noted, data from the right and left ears has been collapsed for descriptive statistics. Data in Table 2 shows the overall VEMP characteristics across stimuli and age. Threshold Figure 2 for all subjects. These response curves indicate that as the frequency of stimuli decreases, the latency of the response is prolonged.
Scatterplots depicting VEMP threshold as a function of stimuli across age groups are shown in Figure 3 . While significant differences were noted between age groups in response to 500 and 750 Hz, there was a marginally significant positive correlation between age and VEMP threshold for all toneburst stimuli: 250 Hz (r 5 0.275, p 5 0.024), 500 Hz (r 5 0.362, p 5 0.001), 750 Hz (r 5 0.4, p 5 0.001), and 1000 Hz (r 5 0.272, p 5 0.012) indicating increased VEMP threshold with increased age. There was no significant correlation between age and VEMP threshold in response to click stimuli.
While there were no significant mean differences noted between age groups for VEMP amplitude, a marginally significant negative correlation was noted between age and 500 Hz tone burst stimuli at the maximum level (123 dB SPL) (r 5 20.255, p 5 0.021) indicating reduced VEMP amplitudes with increased age as shown in Figure 4 .
DISCUSSION
I
n the literature to date, only minor age differences in VEMP responses have been reported. Overall, there has been agreement that regardless of stimulus type, VEMP amplitudes decrease with increased age. This trend has been reported in response to click stimuli (Su et al, 2001; Welgampola and Colebatch, 2001b; Ochi and Ohashi, 2003; Lee et al, 2008) , 250 Hz toneburst stimuli (Zapala and Brey, 2004) , and 500 Hz toneburst stimuli (Basta et al, 2005; Basta et al, 2007) . We did not demonstrate an age effect for VEMP amplitude at any of the test frequencies. Our comparisons for amplitude were calculated at threshold, where we expect amplitudes to be reduced for all ages, while others calculated VEMP amplitude differences at a suprathreshold level (Su et al, 2001; Welgampola and Colebatch, 2001b; Ochi and Ohashi, 2003 , Zapala and Brey, 2004 , Basta et al, 2005 Basta et al, 2007; Lee et al, 2008) . In this study, we did analyze VEMP responses to 500 Hz tone bursts at a suprathreshold level (123 dB SPL at 500 Hz). We found no overall mean differences between age groups; however, we did find a significant negative correlation for VEMP amplitude and age for the suprathreshold responses at 500 Hz.
Previous studies have also documented higher VEMP thresholds with increased age (Welgampola and Colebatch, 2001b; Ochi and Ohashi, 2003) . These studies have only investigated threshold differences across age in response to click stimuli. We found significant mean threshold differences with respect to age groups in response to 500 and 750 Hz toneburst stimuli and significant positive correlations between age and VEMP threshold in response to all toneburst stimuli. However, we did not find differences in VEMP threshold among age groups in response to click stimuli. This may be attributed to our poor response rates. In response to click stimuli, we demonstrated Table 2 .
Journal of the American Academy of Audiology/Volume 20, Number 8, 2009 poor response rates among all participants. This was especially true of the age 60+ group in which only one subject exhibited a VEMP response to click stimuli in one ear. These response rates are in agreement with Su et al (2001) and Welgampola et al (2001b) , who also report a decrease in response rate for individuals over 60 years of age.
Few studies have reported other age-related changes in the VEMP response. There is little agreement regarding the effect of age on P13 and N23 latencies. An increase in both P13 and N23 latencies has been reported with age (Su et al, 2001; Zapala and Brey, 2004; Lee et al, 2008) . However, Basta et al (2005) report no difference in either latency measurement across age groups. While both Welgampola et al (2001b) and Su et al (2001) report no difference in p13 latency as related to age, Welgampola et al (2001b) report a weak negative correlation for N23 latency and age, and Su et al (2001) report a positive correlation between N23 latency and age. Similarly, we did not find a uniform relationship between P13 or N23 latencies and age. Our findings suggest significantly longer P13 latencies with younger age. We know that degree of SCM contraction does not affect VEMP latencies (Akin et al, 2004) ; therefore, the disagreement among reported findings may be related to differences in recording techniques such as variations in stimuli, rise/fall, and filter setting. In relation to the frequency of the stimuli, P13 latencies were shown to be prolonged as the frequency of the stimulus decreases. This has been attributed by others to occur as a result of the toneburst rise time (Akin et al, 2003; Rauch et al, 2004) .
Other confounds potentially effecting VEMP responses and their direct comparison to other investigations include differences in methodology such as maximum output levels, repetition rate, stimulus duration, and method of SCM muscle activation and monitoring. In comparison to other studies investigating both click evoked and 250 Hz tone burst VEMP, the response rates obtained in the current study are far lower than those reported in the literature (Su et al, Figure 3 . Scatterplots of age and VEMP threshold for toneburst frequencies of 250, 500, 750 and 1000 Hz.
VEMP Response Curves and Age Effects/Janky and Shepard 2001; Rauch et al, 2004; Zapala and Brey, 2004) . One explanation for our low response rate of click-evoked VEMP is the low intensity presentation level of the stimuli. For the current study, the maximum click stimulus presentation level allowed by the equipment was measured to be at 119 dB SPL (90 dB nHL). In contrast, other studies obtained VEMP responses from clicks at 95 dB nHL (Su et al, 2001) , 100 dB nHL (0 dB nHL 5 45 dB peak SPL) (Welgampola and Colebatch, 2001b) , and 90 dB nHL (133 dB peak sound pressure) (Rauch et al, 2004) . Maximum output levels, however, do not explain our low response rates to 250 Hz toneburst stimuli. Zapala and Brey (2004) report similar output levels of 250 Hz toneburst stimuli (90 dB nHL [123 dB peak SPL]) as compared to our presentation levels (123 dB SPL [80 dB nHL]); therefore, we propose that differences in methodology discussed below may be responsible for our low response rates.
Other investigations reporting normative VEMP data have used repetition rates of approximately 5/ sec while we used a repetition rate of 13.3/sec (Su et al, 2001; Welgampola and Colebatch, 2001b; Ochi and Ohashi, 2003; Zapala and Brey, 2004; Basta et al, 2005) . While lower VEMP amplitudes have been reported with increased repetition rates, specifically for repetition rates greater than 10 Hz in response to click stimuli (Wu and Murofushi, 1999) , we chose to use a repetition rate of 13.3/sec similar to that also used by Rauch et al (2004) for a better comparison to their threshold response curves. While a higher repetition rate increases speed of data collection, its effect on VEMP amplitude should not go unrecognized. The underlying mechanism accounting for the amplitude decrease in response to a higher repetition rate is not understood and is currently attributed to possible adaptation of the vestibular end organ (Wu and Murofushi, 1999) . Regardless of the underlying mechanism, it is unknown whether this possible adaptation effect resulting in reduced VEMP amplitude is greater for older populations and might possibly account for our low response rates in Group 5 (60+ years). It is also unknown whether the effect of a higher repetition rate is selective for stimulus type and might account for our differences in response rates across stimulus type.
Another factor potentially affecting response rates, specifically for 250 Hz, is that of stimulus duration. We used a two-cycle rise/fall and no plateau (Blackman gated) while other investigators used a one-cycle rise/ fall and no plateau (Blackman gated) (Zapala and Brey, 2004) . While no studies have been completed investigating the effect of rise/fall time of the toneburst stimulus on VEMP responses, investigations looking at click duration note an increase in VEMP amplitude with an increase in stimulus duration and decreased response rates with decreased stimulus duration (Huang et al, 2005) . If a similar pattern holds true for toneburst stimuli, our longer duration stimulus should not have resulted in lower VEMP amplitudes or decreased response rates. However, it may be postulated that the lower rate of rise/fall time by using two cycles versus one cycle could have affected the synchronous neural stimulation, and the effect of reduced neural synchrony would be most likely a reduction in amplitude of the averaged response.
Another potential confound of the current study is our lack of monitoring unrectified EMG activity. This factor is of importance given the VEMP amplitude is related to the amount of muscle activation (Colebatch et al, 1994; Akin, et al, 2004) . However, we feel this was controlled for by use of the blood pressure cuff to monitor muscle contraction. Vanspauwen et al (2006a) demonstrated that with the use of a blood pressure cuff, SCM muscle contraction could reliably be monitored and maintained, thus resulting in smaller variability of VEMP amplitudes as compared to using no feedback method. These investigators reliably obtained VEMP responses with a minimum subsequent cuff pressure of 40 and 50 mmHg (Vanspauwen et al, 2006b ); therefore, our use of 45 mmHg (25 mmHg of additional resistance with a blood pressure cuff preinflated to 20 mmHg) was felt to be adequate for SCM muscle contraction. It is not felt that this method of SCM contraction accounts for our low response rates. If this were the case, a uniform reduction in response rates across stimuli would be anticipated as opposed to a selective reduction in response to clicks and 250 Hz toneburst stimuli. While measurement of mean rectified voltage is the optimal method for monitoring muscle contraction during VEMP testing, use of a blood pressure cuff has been shown to be a reliable alternative, thus allowing for use in everyday clinical practice (Vanspauwen et al, 2006a) . Journal of the American Academy of Audiology/Volume 20, Number 8, 2009 Investigating the effects of age on the VEMP response is essential considering age-related changes to both the neuroanatomy and other tests of vestibular function have been documented. Given the large discrepancy in reported findings of P13/N23 VEMP latency as related to age, there does not appear to be an obvious relationship between these two parameters. However, reductions in VEMP amplitude with increased age, has been a consistent finding across investigations (Su et al, 2001; Welgampola and Colebatch, 2001b; Ochi and Ohashi, 2003; Zapala and Brey, 2004; Basta et al, 2005; Lee et al, 2008) . The agerelated changes documented in the VEMP response may be attributed to the subsequent decline in overall neuroanatomy and physiological function as studies indicate that with an increase in age a decrease in the number of otoconia, specifically within the saccule as well as a decreased number of neurons within the medial vestibular nucleus, occurs (Ross et al, 1976; Tang et al, 2001 Tang et al, /2002 . Welgampola et al (2001b) noted reductions in click evoked VEMP amplitude in the sixth decade with reductions in galvanic VEMP in the seventh decade and propose degeneration of the peripheral system prior to degeneration of the neural supply. Similar to VEMP findings, other studies measuring vestibular function have documented agerelated changes. Decreased VOR gain and increased phase on rotary chair testing have been documented with increased age (Peterka et al, 1990; Baloh et al, 1993) . The semicircular canal-otolith interaction and otolith ocular reflex have also been found to show agerelated changes (Furman and Redfern, 2001 ). Other potential explanations for reductions in VEMP amplitude have been proposed such as a reduction in cervical muscle tonicity (Lee et al, 2008) . However Basta et al (2007) report no significant differences in overall muscle tonicity regardless of age coupled with decreased VEMP amplitudes, attributing the decreased VEMP amplitude to a decline in physiologic function.
The normative data generated in this investigation would be helpful in the assessment criteria of specific vestibular etiologies in everyday clinical practice. In particular, the threshold response curves would be helpful for potential use in the identification of Meniere's disease (Rauch et al, 2004) . In comparison to the threshold responses of normal controls as obtained by Rauch et al (2004) , our threshold response curves reveal similar best frequency tuning at 500 Hz with the highest thresholds in response to click stimuli. However, it appears that this best frequency tuning dissipates with age and may not be a good diagnostic indicator for individuals over the age of 60. The second phase of the current investigation (presently under way) is to compare VEMP responses of the developed clinical normative ranges to those obtained from two pathologic groups: Meniere's disease and nonspecific unilateral peripheral vestibular hypofunction.
Overall, our findings are consistent with the literature to date in that VEMP thresholds increase with increased age. It is therefore suggested from the results of this study that age should be taken into account when interpreting VEMP threshold and that a comparison of threshold response curves may not be appropriate for individuals over 60 years of age. We did not demonstrate an age effect for VEMP amplitude at threshold for any of the test frequencies; however, we did find a significant negative correlation for VEMP amplitude and age in response to suprathreshold stimuli.
